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Gyrokinetic simulations identify microtearing modes (MTM) to be the dominant microinstabilities
in the JET-ILW (ITER like wall) pedestal. Nonlinear simulations show that MTM-driven turbulence
produces the bulk of the transport in the steep gradient region, demonstrating that MTM may be
the principal mechanism limiting JET-ILW pedestal evolution. The combination of MTM, electron
temperature gradient (ETG), and neoclassical transport reproduces experimental power balance
across most of the pedestal. Kinetic ballooning modes are significant only in the local limit and
only at low β, far below the experimental operating point.

PACS numbers:

The tokamak H-mode [1] is defined by a narrow insu-
lating region—the pedestal—at the plasma edge, where
turbulence is suppressed and sharp pressure gradients de-
velop. The pedestal is at the center of the most pressing
issues facing fusion energy. ITER, for example, must
reach a sufficient temperature at the pedestal’s inner
boundary in order to achieve its fusion power targets [2].
This work reports the results of, perhaps, the very first,
first-principles simulations of the H-mode pedestal dy-
namics that reproduce experimentally observed transport
levels. In addition to providing unprecedented insight
into the dynamics of the existing H-mode pedestals, such
simulations are likely to advance our capabilities towards
predictive modeling of future burning plasma devices.

This study targets the JET-ILW (ITER-like wall)
pedestal [4–6], which approaches ITER conditions in two
important ways: 1) as the largest tokamak in operation,
it most-closely approximates plasma parameters that are
dependent on machine size (like ρ∗, the ratio of the gyro-
radius to minor radius), 2) to approximate ITER condi-
tions even better, JET has recently installed an ITER-
like wall (ILW) (composed of a tungsten divertor and
beryllium chamber). This modification decreases the
global performance of discharges by 20-30%, attributable
largely to changes in pedestal structure. In addition to
the performance loss, certain observed key properties of
the ILW pedestal are inconsistent with predictions of the
leading pedestal model (EPED [7, 8]).

In this work, we elucidate possible mechanisms lim-
iting profile evolution in the JET-ILW discharges. We
demonstrate, through simulations using the gyrokinetic
code Gene [9, 10], that the microtearing mode (MTM)
[11–14] is the dominant instability in the pedestal. In-
terestingly, the simulations do not find the kinetic bal-
looning mode (KBM), a basic component of the EPED
model, except locally in a narrow region near the sep-
aratrix. Most importantly, we determine via nonlinear
gyrokinetic simulations that a combination of MTM and
electron temperature gradient (ETG) [9, 15–18] driven

turbulence plus the neoclassical flux, produces trans-
port levels closely matching experimental power balance
across most of the pedestal, demonstrating the capacity
of these mechanisms to limit JET-ILW pedestal evolu-
tion.

The JET-ILW Pedestal– JET pulse 82585 (described
in Ref. [4]) is part of an experimental campaign studying
the effect of deuterium fueling on pedestal structure. In
this series of discharges, the pedestal broadens but does
not heighten with increasing fueling rate. This behavior
is contrary to the expected [7, 8] scaling of pedestal width
with plasma pressure—typically ∆ ∝

√

βpol, where ∆
is the pedestal width, βpol = 2µ0P/B

2

pol, P is pres-
sure and Bpol is the poloidal magnetic field. In order
to model the transport in this JET-ILW pedestal, we
have reproduced the pre-ELM temperature and density
profiles, along with the shape of the outer flux surface
from data reported in Ref. [4]. The necessary gyroki-
netic inputs (radial profiles of density and temperature,
magnetic equilibrium, and background flow profile) are
self-consistently constructed using the equilibrium code
VMEC in conjunction with neoclassical formulas [20] for
the bootstrap current and radial electric field. Figure 1
shows the density, temperature, and pressure profiles (a),
along with ηe = Ln/LTe (b).

Pedestal instabilities– A host of instabilities has been
identified in H-mode pedestals both experimentally and
in gyrokinetic simulations [21]. Experimentally, fluc-
tuations have been diagnosed that are consistent with
MTM [22, 23, 25], KBM [22, 24–26], and trapped elec-
tron modes (TEM) [22], while linear gyrokinetic mod-
eling has identified MTM [19, 27–30], TEM [30, 31],
ETG [29, 30, 32, 33], KBM [19, 26, 27, 29, 30, 34, 35],
and unidentified drift waves [36]. Due to the large num-
ber of possible instabilities, and the complexity of the
nonlinear turbulent state (that reflects the underlying
instabilities in not so obvious ways), no clear picture
has emerged regarding the relative importance of these
modes for pedestal transport. The EPED model appeals
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FIG. 1: Profiles of temperature, density, and pressure (a),
and ηe (b).

exclusively to KBM as the salient local pedestal-limiting
instability [7]. The identification of such a wide array of
linear instabilities in gyrokinetic studies underscores the
necessity of nonlinear simulations to determine with cer-
tainty the relevant transport mechanisms. Such an anal-
ysis will be given below following the present accounting
of linear instabilities in the JET-ILW pedestal.
The observed modes may be classified into three dis-

tinct categories—MTM, KBM, and electrostatic drift
waves (ESDW) (encompassing, e.g., ITG and TEM) with
the following defining characteristics: 1) the KBM is
identified by a positive (ion direction) frequency, bal-
looning parity (predominantly symmetric [antisymmet-
ric] mode structure for φ [A||] along the field line), and a
near-vanishing E|| = −∂zφ+ iωA|| (expected for a mode
largely determined by ideal MHD). The latter is quanti-
fied by the ratio

Ê|| =

∫

dz| − ∂zφ+ iωA|||
∫

dz|∂zφ|+
∫

dz|iωA|||
, (1)

where φ is the electrostatic potential, z is the coordi-
nate parallel to the background magnetic field, ω is the
complex mode frequency, and A|| is the parallel magnetic
vector potential. KBM were determined to have values
of Ê|| typically below 0.1, 2) The MTM is identified by
mode structures with predominantly tearing parity (op-
posite of ballooning parity) and negative (electron direc-
tion) frequencies; the resulting transport is dominantly
electromagnetic as quantified by the ratio (QEM

e /QES)
where QEM

e (QES) is the electron electromagnetic (elec-
trostatic) heat flux, all calculated from the linear eigen-
modes, 3) all modes not encompassed by the MTM/KBM
criteria are categorized as ESDW.
The Gene code was used in both its local and (more

comprehensive) global modes of operation. Simulations
included the Landau-Boltzmann collision operator, elec-
tromagnetic effects, and fully-realistic geometry. Parallel
magnetic fluctuations are included in local but not global
simulations. In global simulations, the effects of parallel

magnetic fluctuations are approximated by setting the
∇B drift equal to the curvature drift—a treatment that
has previously been demonstrated to accurately capture
KBM stability and was verified to do so in this case with
the local code. In the following, z denotes the coordinate
along the field line, y denotes the binormal direction, and
x is the radial direction. The typical numerical resolu-
tion used for these linear simulations was (48-96,48,16)
grid points in the (z, v||, µ) coordinates, where v|| is the
parallel velocity and µ is the magnetic moment (propor-
tional to perpendicular velocity squared). Typically 256
radial grid points (for a ∼ 46 ion gyro radii box) were
used for global simulations and 13 kx wave numbers for
local simulations.

Local linear simulations identify MTM as the domi-
nant low-ky instability over most of the pedestal, with
KBM unstable in the region ρtor > 0.988. Notably, the
MTM is only unstable at finite kx (analogous to the bal-
looning angle θ0 in ballooning theory) as seen in Fig. 2
(b). As a result, this MTM instability would be missed
by analyses (often standard) sampling only kx = 0. Sev-
eral tests were performed in order to conclusively iden-
tify the mode as MTM. As expected for MTM, the mode
frequency is in the electron direction and very close to
ω∗ = −kyρscs(1/Ln + 1/LTe). Parameter scans deter-
mine that MTM growth rates increase strongly with elec-
tron temperature gradients, are weakly suppressed by
density and ion temperature gradients, and are largely
independent of collisionality [28, 37, 38]. The MTM ex-
hibits moderate cancellation in E|| (Ê|| & 0.3 being typ-
ical), although the electrostatic component of the mode
is not crucial to its existence; the MTM growth rate
smoothly decreases to ∼ 55% of its nominal value when
the amplitude of the electrostatic potential is artificially
reduced towards φ = 0. Other mode properties (e.g., A||

mode structure, and frequency) remain unchanged. How-
ever, when A|| is analogously reduced, the MTM trans-
forms to a qualitatively distinct ESDW with a growth
rate reduced to ∼ 30% of the MTM growth rate.

A more-comprehensive global analysis also identifies
the MTM as the dominant instability. In global sim-
ulations encompassing the entire pedestal the KBM is
not manifest, while the MTM persists with growth rates
roughly comparable to the radially-averaged local MTM
growth rates. MTM growth rates decrease in the pres-
ence of E ×B shear flow, but to a lesser degree than the
surrounding ESDW as shown in Fig. 2 (a). The mode
structure of the MTM eigenmode (shown in Fig. 4) elu-
cidates the origin of its insensitivity to shear flow. The
MTM magnetic vector potential A|| peaks at the top and
bottom of the tokamak where flux surfaces are broadly
spaced, is radially localized, and has fine radial structure.
All these features contribute to a lower effective shear
rate [39], which will become important in the discussion
of MTM-driven turbulence below.

Pedestal β scan– In light of experimental uncertain-
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FIG. 2: Global growth rates with and without E × B shear
(a), dependence of local MTM growth rates on ballooning
angle (b).
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FIG. 3: Fraction of the pedestal unstable to KBM, MTM, and
ESDW in local gyrokinetic simulations (a), and the dominant
low-ky (kyρs < 0.5) instability in global simulations (b) over
a range of β surrounding the experimental operating point.
MTM becomes increasingly dominant as β increases. MTM
persists in global simulations, while KBM is subdominant.
The scan uses fully self-consistent equilibria for each β point.

ties and the dynamic nature of pedestal evolution, we
repeat the above analysis while reconstructing fully self-
consistent equilibria for various values of β about the
nominal experimental value. In addition to gauging the
sensitivity of our results, such a scan can be roughly con-
ceptualized as sampling the inter-ELM evolution of the
pedestal, during which the pressure profile recovers from
an ELM collapse and returns to its pre-ELM level.
The β scan was constructed by varying the pedestal

top temperature from 60% to 140% of its nominal exper-
imental value and producing fully self-consistent equilib-

ria for each scan point. Local linear results, summarized
in Fig. 3 (a), show the fraction of the pedestal over which
KBM and MTM are unstable. KBM is identified across
the entire pedestal in the low-β regime but becomes more
stable and limited to progressively narrower regions as β
increases towards and beyond the experimental value. In
contrast, MTM becomes unstable at β values slightly be-
low the experimental operating point and becomes more
pronounced as β increases. This trend suggests that the
MTM becomes more robustly unstable over the course of
an ELM cycle, as would be expected for the dominant
mode limiting profile evolution. In contrast, the KBM
becomes increasingly stable and limited to a narrow re-
gion at the far edge. This picture of local KBM stability
is consistent with other studies demonstrating that KBM
is in the so-called second stability regime in JET [19] and
NSTX [29] pedestal scenarios.

Global simulations further emphasize the role of MTM.
In Fig. 3 (b), displaying the dominant global mode over
the β scan, MTM is seen to be dominant in a broad region
of parameter space; at low β, it is replaced not by KBM
but rather ESDW. In other words, a fully global treat-
ment identifies KBM to be subdominant even in cases
where a local analysis finds robust KBM instability across
the entire pedestal. KBM instability can only be recov-
ered in global simulations by increasing the simulation
box (far beyond the width of the pedestal) while artifi-
cially maintaining steep gradients across the box. This
suggests that the local analysis that is often relied upon
to identify KBM stability boundaries may be inadequate.
The suppression of a given mode in a global eigenvalue
problem (as described above) even when it is found to be
present (and unstable) in a local analysis, is not unique
to KBM. Such a behavior is illustrated, for example, in
Ref. [40] that deals with the global versus local stability
for the magneto rotational instability. The complex rea-
sons why it happens for some modes and not others will
be dealt with in a more detailed publication.

It should be noted that the gyrokinetic model does
not include the kink term. Although it can be ruled out
as a potential effect, the term was not important when
implemented in a gyrokinetic framework for the pedestal
scenario examined in Ref. [34, 35].

Nonlinear turbulent transport– Having characterized
the linear instabilities at and near the experimental oper-
ating point, one must calculate their consequences for the
nonlinear turbulent state. Of particular importance is
the question whether nonlinear turbulent transport pro-
duced by the MTM can account for experimental power
balance, and by extension the crucial properties of the
pedestal. To this end, extensive nonlinear simulations
were performed. Gene was used primarily in a local
mode of operation, employing a real space radial coor-
dinate with Dirichlet boundary conditions, while keep-
ing plasma parameters and gradients constant across the
box. This approach was benchmarked against global sim-
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FIG. 4: Structure of A|| for a linear global MTM eigenmode
without shear flow. The eigenmode peaks at the top and
bottom (shown) of the tokamak, is limited to a narrow ra-
dial band, and is characterized by fine-scale radial strucutre,
serving to reduce the effect of flow shear on the MTM.

ulations where possible; a nonlinear global simulation
with ky,min = 0.05 produced transport levels differing by
only ∼ 10% from the corresponding local simulation, con-
sistent with earlier work suggesting MTM is not strongly
affected by global effects [41]. However, nonlinear global
simulations could not be extended to lower ky due to
numerical issues (likely resolvable with higher resolution
simulations that are beyond the scope of this work). Sim-
ulations used (256,48,48,16) gridpoints in the (x, z, v||, µ)
coordinates, values established by extensive convergence
tests. Transport quantities were most sensitive to resolu-
tion in the y coordinate, converging at ky,minρs = 0.018,
while resolving up to to ky,max = 1.55.

As expected for MTM-driven turbulence, nonlinear
simulations show that heat flux is predominantly in the
electron electromagnetic channel. All comparisons indi-
cate that the turbulence is the nonlinear manifestation of
the underlying MTM instability. The insensitivity of the
MTM to shear suppression is also observed in the non-
linear simulations; The turbulence was evolved shear-free
to a saturated state at which point the shear was turned
on. The shear flow reduced the electrostatic component
(ESDW) of the flux by orders of magnitude while the elec-
tromagnetic component (MTM) was reduced by a factor
of ∼ 2, roughly consistent with the decrease in growth
rates shown in Fig. 2 (a).

Three radial locations (denoted with vertical lines in
Fig. 1 (a)) were selected for detailed analysis: ρtor = 0.97
near the pedestal top, ρtor = 0.98 in the steep gra-
dient region, and ρtor = 0.99 at the far edge. The
far outer point produced transport levels approximately
three times lower than nominal power balance. Higher
transport could certainly be achieved with small modifi-
cations to the background profiles, but such a course was
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FIG. 5: Contributions to the heat transport from ion neoclas-
sical (green pluses), ETG (blue Xs), and MTM (red circles)
at two radial locations, demonstrating agreement with exper-
imental power balance.

not pursued due to the severe uncertainties intrinsic to
this far edge region (e.g., potential power losses due to
charge exchange, uncertainty in separatrix position, and
effects associated with close proximity to the open field
line region). Simulation results at the other radial lo-
cations reproduce experimental power balance strikingly
well as shown in Fig. 5. MTM-dominated turbulence at
ρtor = 0.98 produces ∼ 7.5 MW of transport, single-scale
simulations of ETG turbulence produce an additional∼ 2
MW, and calculations of neoclassical transport predict
2.5 MW (ions). The combination amounts to ∼ 12 MW,
compared to 12 − 13 MW estimated experimentally (16
MW neutral beam heating and 3-4 MW radiation losses
in the core). Simulations at (ρtor = 0.97) are dominated
by ETG transport (due to the large value of ηe) with
MTM and neoclassical playing a smaller role. Power bal-
ance is again satisfied, requiring only a minor adjustment
(10 % increase) to the electron temperature gradient.

Summary and Discussion– We demonstrate that the
combination of MTM and ETG turbulence is sufficient to
account for power balance across most of the JET-ILW
pedestal. Electrostatic ion-scale instabilities are strongly
shear suppressed, while KBM is insignificant in a broad
region of parameter space surrounding the experimental
operating point. This work is perhaps the first study
to demonstrate agreement between transport predictions
of nonlinear gyrokinetic simulations and experimental
pedestal transport levels, establishing the capacity of gy-
rokinetics to model critical aspects of pedestal transport.
Additionally, this work lays a foundation for continued
study of the JET-ILW pedestal, notably, the trends re-
lated to fueling levels and impurity content that impede
JET-ILW discharges from recovering high confinement
levels.
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